We report on the magnetic properties of zinc ferrite thin film deposited on SrTiO 3 single crystal using pulsed laser deposition. X-ray diffraction result indicates the highly oriented single phase growth of the film along with the presence of the strain. In comparison to the bulk antiferromagnetic order, the as-deposited film has been found to exhibit ferrimagnetic ordering with a coercive field of 1140 Oe at 5 K. A broad maximum, at ≈105 K, observed in zero-field cooled magnetization curve indicates the wide grain size distribution for the as-deposited film. Reduction in magnetization and blocking temperature has been observed after annealing in both argon as well as oxygen atmospheres, where the variation was found to be dependent on the annealing temperature.
Introduction
Spinel ferrites, AB 2 O 4 , generally exhibit cubic spinel structure, where oxygen anions reside at fcc lattice sites and cations occupy the tetrahedrally and octahedrally coordinated interstitial sites forming A and B sublattices [1] . These materials can have normal, inverse and mixed spinel structures and possess different kind of magnetic characters (ferrimagnetic, antiferromagnetic and paramagnetic) depending on the nature of cations and their distribution among different sites [1, 2] . The zinc ferrite (ZnFe 2 O 4 ) has been proposed to be a candidate for spintronic applications, and various studies have been carried out on its magnetic and electrical properties [2, 3, 4, 5, 6, 7, 8, 9] . Bulk zinc ferrite, in perfect oxygen stoichiometry, is known to exhibit normal spinel structure with all Zn 2+ and Fe 3+ ions occupying the tetrahedral and octahedral sites, respectively and exhibits antiferromagnetic ordering below 10.5 K [2] . However, nanoparticles [4, 5] and thin films of ZnFe 2 O 4 [6, 7, 8, 9] are reported to have the ferrimagnetic order. This is normally attributed to the placement of iron and zinc ions at both the sites, altering the spinel structure from normal to mixed state and inducing strong negative J AB interactions between iron ions [10, 11, 12] . Apart from this redistribution of cations, the oxygen vacancy concentration is also believed to play a crucial role in controlling the magnetic properties of zinc ferrite. Greater magnetic response has been observed for the samples prepared under low oxygen partial pressures [6, 13] . In fact, it is still not established whether the observed ferrimagnetism is only related to cation (partial) inversion and/or oxygen vacancies. In this paper, we present magnetic studies of ZnFe 2 O 4 thin film deposited on SrTiO 3 (100) substrate, as zinc ferrite is known to grow epitaxially on these substrates [3, 9] . Also, SrTiO 3 single crystals do not have magnetic impurities and annealing at the studied temperatures is not known to affect their magnetic properties. Hence, SrTiO 3 is a good choice as a substrate to study the changes in the magnetic properties of the deposited films.
Experimental
Pulsed laser deposition (KrF excimer laser: λ = 248 nm) was used to grow a thin film (∼20 nm thick) of zinc ferrite on SrTiO 3 (100) substrate kept at 773 K and under a relatively low oxygen partial pressure of 6 × 10
Torr. Prior to deposition, the base pressure of the chamber was reduced to ∼ 7.5 × 10
−8
Torr. The crystalline structure of the deposited film was studied by x-ray diffraction (XRD) θ − 2θ scan, performed using the Phillips X'Pert Bragg-Brentano diffractometer with Cu K α radiations. Temperature and field dependent magnetization measurements were carried out using a MPMS-7 superconducting quantum interference device magnetometer from Quantum Design. Zero-field cooled (ZFC) and field cooled (FC) curves were recorded with an applied field of 1000 Oe. To study the effect of annealing environment and temperature on magnetic properties, the as-deposited film was first annealed in argon at 773, 823, and 873 K and subsequently in oxygen at similar temperatures. The magnetization measurements were carried out after each step.
Results and Discussions
X-ray diffraction θ − 2θ pattern of the pristine zinc ferrite film is shown in Fig. 1 , which indicates the epitaxial growth of the film on SrTiO 3 without presence of any kind of secondary phase. The out of plane lattice parameter has been calculated to be ∼8.47 Å. It should be noted that the lattice parameter is higher than that of bulk value (8.44 Å) [14] , which may be due to the substrate induced strain during the thin film growth. Average crystallite size in the deposited film is ∼20 nm, as calculated using the Scherrer's formula. No change has been observed in the lattice parameter and crystallinity of the film, within the resolution limit of the instrument, even after the final annealing in the oxygen (not shown here).
Field dependent magnetization at 5 K and 300 K, and ZFC-FC curves obtained for the pristine sample are shown in Fig. 2 . The data has been presented here after subtracting the diamagnetic contribution from the substrate. In comparison to the antiferromangetic order found in bulk zinc ferrite grown under optimal conditions, the observation of S-shaped M-H curves in the as-deposited film indicate the existence of ferrimagnetic order. Such kind of magnetic behaviour has also been observed previously for the thin films of zinc ferrite [6, 7, 8, 9] . Saturation magnetization (M s ) at 5 K has been found to be around 20.5 emu/g, equivalent to a magnetic moment of ∼0.44 µ b /Fe, with a coercive field of ≈ 1140 Oe. At 300 K, along with negligible coercive field, M s is around 12.1 emu/g corresponding to a magnetic moment of ∼0.26 µ b /Fe (see Fig. 2(b) ). In comparison to 300 K, film is magnetically much harder at low temperature, indicating the presence of some sort of blocking mechanism, which is also supported by the irreversibility in the ZFC-FC curves at lower temperatures. Apart from this, a broad maximum is present in the ZFC curve. Here, the magnetization first increases with the temperature and after ∼105 K, known as blocking temperature (T B ), it reduces suggesting a wide particle size distribution for the as-deposited film.
It has previously been observed that the oxygen vacancies play a major role in the magnetic properties of zinc ferrite, with larger magnetic reponse for films grown under lower oxygen partial pressures [6] . Hence, at first glance, it seems that the observed magnetization can be explained on the basis of oxygen vacancies, as the film is grown at quite low oxygen partial pressure of 6 × 10
−5
Torr. To verify this assumption and to avoid any removal of oxygen vacancies, we first annealed the film at 773, 823 and 873 K in the argon gas. After these treatments, we performed annealing in oxygen environment to remove the oxygen vacancies. Magnetization measurements were carried out after each treatment. It is important to mention here that in each case the annealing temperature/atmosphere was changed only after getting the saturation effect at the current temperature, which was studied by the magnetization measurements with multiple treatments under similar conditions. In most cases, saturation effect was achieved after 4 hours of annealing. Interestingly, with annealing in the argon atmosphere, magnetization of the sample has been found to be reduced with the rise in the temperature. The saturation magnetization (M s ) is only affected at 300 K, while at 5 K remanence (M r ) reduces after annealing (see Fig. 3(a) ). ZFC-FC curves still exhibit the irreversibility at low temperatures; however, the blocking temperature decreases after each treatment (shown separately in Fig. 3(d) ). Such effect can not be explained on the basis of oxygen vacancies as the argon-annealing is not supposed to remove these vacancies. However, some kind of structural changes can also take place during annealing at higher temperatures. In fact, in one of our recent article, we have shown that the substrate temperature plays a major role on occupancy of tetrahedral sites by iron ions thereby affecting the magnetic properties [9] . It was found that with the rise in the substrate temperature, zinc ferrite tends to have normal spinel structure with reduced magnetization. Hence, under argonannealing, reduction in magnetization for studied sample with rise in temperature can also be explained on the basis of stabilization of normal spinel structure.
After argon-annealing, the film was annealed in oxygen and obtained results are plotted in Fig. 3 . Magnetization was reduced with annealing in oxygen as well, again showing the major changes in the saturation values at 300 K. Also, the blocking temperature decreases further with dependence on temperature (see Fig. 3(d) ), along with the appearance of irreversibility in ZFC-FC curves even after the final annealing step. As the annealing under oxygen was performed at temperatures not higher than that used for argon-annealing, hence, we can ignore the possibility of further redistribution of iron ions at different sites. Thus, these changes can be easily explained on the basis of removal of oxygen vacancies, which is consistent with the reports on zinc ferrite films where less magnetization has been observed for the samples prepared under higher oxygen partial pressures [6] . Hence, on the basis of our observations, we can say that the magnetic properties of zinc ferrite films are affected both by structural changes through cation inversion as well as oxygen vacancies, and can be controlled by the annealing temperature and the atmosphere. It is important to mention here that similar kind of magnetization study was also performed on other comparable zinc ferrite films, which exhibited similar results. However, for the sake of brevity this data is not presented here.
Conclusions
In summary, we have studied the magnetic properties of highly oriented zinc ferrite thin film grown on SrTiO 3 single crystals and their dependence on annealing in the temperature range of 773-873 K and under different atmospheres. Pristine film exhibits ferrimagnetic order and a broad zero field cooled magnetization curve. Magnetization has been found to be reduced after annealing in argon and oxygen with larger changes observed for measurements at 300 K. Our observations demonstrate that the magnetic properties of zinc ferrite films can be controlled by varying the annealing temperature under different environments. 
